Functional and structural interactions of the transmembrane domain X of NhaA, Na+/H+ antiporter of Escherichia coli, at physiological pH.
The 3D structure of Escherichia coli NhaA, determined at pH 4, provided the first structural insights into the mechanism of antiport and pH regulation of a Na+/H+ antiporter. However, because NhaA is activated at physiological pH (pH 7.0-8.5), many questions pertaining to the active state of NhaA have remained open, including the physiological role of helix X. Using a structural-based evolutionary approach in silico, we identified a segment of most conserved residues in the middle of helix X. These residues were then used as targets for functional studies at physiological pH. Cysteine-scanning mutagenesis showed that Gly303, in the middle of the conserved segment, is an essential residue and Cys replacement of Lys300 retains only Li+/H+ antiporter activity, with a 20-fold increase in the apparent KM for Li+. Cys replacements of Leu296 and Gly299 increase the apparent KM of the Na+/H+ antiporter for both Na+ and Li+. Accessibility test to N-ethylmaleimide and 2-sulfonatoethyl methanethiosulfonate showed that G299C, K300C, and G303C are accessible to the cytoplasm. Suppressor mutations and site-directed chemical cross-linking identified a functional and/or structural interaction between helix X (G295C) and helix IVp (A130C). While these results were in accordance with the acid-locked crystal structure, surprisingly, conflicting data were also obtained; E78C of helix II cross-links very efficiently with several Cys replacements of helix X, and E78K/K300E is a suppressor mutation of K300E. These results reveal that, at alkaline pH, the distance between the conserved center of helix X and E78 of helix II is drastically decreased, implying a pH-induced conformational change of one or both helices.